Purpose Previous studies reported that patients with endometriosis had excess nitric oxide (NO) in the reproductive tract and poor embryo development in IVF cycles. This study aims to elucidate the effects of NO on early embryo development. Methods Zygotes from superovulated B6CBF1 mice were cultured to blastocysts in a variety of media. Sodium nitroprusside (SNP) and N G -nitro-L-arginine (LNA) were added to the culture medium as a NO donor and a NO synthase inhibitor, respectively. The localization and fluorescence intensity of S-nitrosylated (SNO) proteins within 2-cell stage embryos were analyzed with confocal microscopy. Apoptosis and ATP production in the blastocysts were measured. Result(s) Subsequent to NO exposure, the SNO proteins mainly colocalized with the mitochondria and endoplasmic reticulum and the intensity of SNO proteins increased. The addition of a quanylate cyclase inhibitor and a cyclic GMP mimic agent induced nonsignificant changes in SNO proteins, whereas addition of a superoxide scavenger or a reduced form of glutathione rescued the embryos from the effects of NO. However, superoxide scavenger supplementation resulted in decreased blastocyst ATP production. Conclusion(s) Elevated NO exerts deleterious effects on embryo development, possibly through protein S-nitrosylation in the mitochondria and endoplasmic reticulum. Including glutathione as a component in the culture medium might counteract this effect.
Introduction
The detrimental effect of a minimal and mild stage of endometriosis on fertility is controversial [11] . Most reports indicate that the poor oocyte/ embryo quality may be responsible for infertility in patients with endometriosis [11] . Previous studies have reported elevation of nitric oxide (NO) and/or NO synthase (NOS) levels in the endometrial tissue, follicular fluid, and peritoneal fluid of patients with endometriosis [22, 24, 41] . Furthermore, high levels of serum and follicular NO in patients with endometriosis were associated with poor embryo quality and pregnancy outcome in assisted reproduction technology cycles [22] . Other previous studies have indentified the association of a polymorphism of endothelial NOS with advanced stage endometriosis [20] . Overall, increased microenviromental NO (in follicular fluid, tubal secretions, and endometrial tissue) might contribute to the pathologic effects of endometriosis on the development potential of embryos.
NO is a highly diffusible molecule that plays an important role in mammalian reproductive function, including folliculogenesis [14] , fertilization [21] , and implantation [7] . Endogenous NO is produced following the conversion of oxygen and L-arginine to NO and L-citrulline, catalyzed by three isoforms of NOS: neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS) [12] . All three isoforms are expressed in preimplantation mouse embryos and function as regulators of embryo development, which ceases following the inhibition of NOS activity [5, 27, 37] . Endogenous NO is, therefore, essential for pre-implantation embryo development.
NO is, however, a free radical and an important bioregulator of apoptosis [6] . Excess NO has been implicated in multiple types of cell death. The intracellular targets of NO can vary depending on the type and timing of an apoptotic stimulus, the source of NO, and the redox chemistry within a specific cell type [34] . NO is also recognized as a major regulator of cell respiration and mitochondrial metabolism in several somatic cell lines [26] , and targets complex I and complex IV (cytochrome c oxidase) of the respiratory electron transport chain in mitochondria [26] .
Results from previous studies have suggested that NO might induce apoptosis through a mitochondria-dependent pathway during preimplantation embryo development in vitro [5, 22] . In mammalian species, mitochondria are exclusively maternally derived. Oocyte mitochondria display some unique features, such as sphericalness, a high density matrix, a low number of cristae, and , possibly, low metabolic activity [18] . Although the "immature" mitochondria in mammalian fertilized eggs differ from the "mature" mitochondria in somatic cells, the "immature" mitochondria are also involved in the early phase of oxidative stress-induced apoptosis [23] . In mouse oocytes and embryos, constant levels of ATP are maintained by active mitochondrial oxidative phosphorylation [9, 38] .
The study by Nisoli et al. established that the activation of guanylate cyclase (GC) and subsequently increased cyclic guanosine monophosphate (cGMP) mediates the effect of NO intracellularly [28] . The NO/GC/cGMP pathway is also involved in cell survival [32, 35] . Previous studies have associated NO in apoptosis with the formation of highly reactive oxidants, such as peroxynitrite (ONOO-) or hydroxyl peroxide [26, 30] . In addition, Hess et al. recognized that NO-based protein thiol modification, such as S-nitrosylation, is the prototype of mechanisms that transport redox-based cellular signal s [15] . S-Nitrosylation modifies the function of molecular chaperones and plays a central role in the regulation of apoptosis [2] . However, the involvement of protein S-nitrosylation in the effects of NO on mammalian embryos has yet to be elucidated.
The oviducts and uterus are the major microenvironment for preimplantation embryo development in vivo. In addition to NOS, the tubal epithelium synthesizes or expresses several types of antioxidants and enzymes, such as glutathione, superoxide dismutase, and glutathione reductase [13] . Glutathione peroxidase activity has been implicated in endometriosisrelated infertility [29] . Furthermore, carriage of the GSTT1 (glutathione-S-transferase) null deletion is associated with moderate risk of endometriosis [36] . Antioxidant agents that can eliminate reactive oxygen species might negate the deleterious effects of NO and have beneficial effects on embryo development in vivo and ,possibly, the natural fertility of patients with minimal to mild endometriosis. Therefore, high levels of NO and low levels of antioxidants could induce nitrative or oxidative stress in patients with endometriosis, which may be responsible for impaired embryo quality and infertility of those patients.
In this study, we investigated the effects of microenvironmental NO on preimplantation mouse embryo development, and aimed to elucidate the mechanism of apoptosis modulated by NO in these embryos. We evaluated the cGMPindependent pathway (protein S-nitrosylation) in NO signaling , and further aimed to elucidate the effect of antioxidants that counteract the apoptotic effects of NO during preimplantation development.
Materials and methods

One-cell embryo collection and in vitro culture
The use of the mice in this study obeyed the guideline approved by the Institutional Animal Care and Use Committee of Chung Shan Medical University and Lee Women's Hospital, Taichung, Taiwan. Six-to eight-week-old B6CBF1 female mice were superovulated with intraperitoneal injection of 5 IU pregnant mare's serum gonadotropin (PMSG; SigmaAldrich, St Louis, MO, US), followed by 5 IU human chorionic gonadotropin (hCG; Serono, Bari, Italy) 48 h later. The mice were placed into the same cage overnight with males of the same strain. We checked for vaginal plugs the next morning as the evidence of mating. Mated mice were sacrificed by cervical dislocation 24 h later following the administration of hCG.
One-cell embryos (zygotes) were released from excised oviducts into modified human tubal fluid medium (mHTF), which was prepared according to a previous report [31] . Cumulus cells were removed by exposure to 80 IU/mL hyaluronidase (Sigma-Aldrich). The embryos were cultured under oil in groups of 10-15 embryos for 96 h. The media was freshly prepared and utilized for 96 h at 37°C in a humidified atmosphere containing 5 % CO 2 . Embryo development was monitored at an interval of 24 h. Specifically, embryos at 2-cell, 4-cell, morula, and blastocyst stages were observed after 18 h to 22 h, 44 h to 46 h, 66 h to 71 h, and 92 h to 96 h of culture, respectively.
In the experiment of NO effect and signaling, one-cell embryos were cultured in 1 ml of mHTF medium supplemented with sodium nitroprusside (SNP; SigmaAldrich), N G -nitro-L-arginine (LNA; Sigma-Aldrich), 8-bromo-guanosine 3′ ,5′-cyclic monophosphate (BrGMP; Sigma-Aldrich), 1H-(1,2,4) oxadiaxlol-(4,3-a) quinoxalin-1-one (ODQ; Sigma-Aldrich) or combinations of those materials. The medium was freshly prepared for each culture experiment and utilized till the development of blastocysts. The 2-cell block was defined as the development of embryos arrested at the 2-cell stage without apparent degeneration for 48 h. The osmolarity and pH levels of culture media were evaluated after chemical supplementation and prior to usage to assure appropriate osmotic pressure and pH for embryo development.
Assay of apoptosis
The terminal deoxynucleotidyl transferase (TdT) mediated dUTP nick end labeling (TUNEL) was utilized to label DNA strand breaks, which is an apoptotic event subsequent to cleavage of genomic DNA. A commercial kit, In Situ Cell Death Detection Kit, Fluorescein (Roche Applied Science, Penzberg, Germany) was applied to detect blastomere apoptosis within the embryos. The procedure was modified from our previous report [16] .
Analysis of ATP content
The ATP content was determined by measurement of the luminenscence (Tropix TR717 luminometer) generated in an ATP-dependent luciferin-luciferase bioluminescence assay [39] . Briefly, the mouse embryos were rapidly frozen in 200 μl ultrapure water and stored at −80°C. A mixture of 160 μg/ml luciferin with 60 μg/ml luciferase from a stock solution of a commercial kit (ATP Bioluminescent somatic cell assay kit; Sigma-Aldrich) was diluted 25 fold with ATP assay buffer (100 mM Tris acetate, pH 5.75, 5 mM magnesium acetate, 0.1 mM EDTA, 5 % bovine serum albumin). A standard curve containing 14 ATP concentrations from 10 fmol up to 5 pmol was generated for each series of analysis. To reduce potential variability between samples, embryos from several experimental and control groups were pooled and analyzed simultaneously.
S-nitrosylation proteins in embryos
We modified the method for detecting S-nitrosoproteins by immunofluorescence staining as described previously [17] . This method depends on first blocking thiols with a rapidly acting thiol-reactive agent S-methyl methanethiosulfonate (MMTS; Sigma-Aldrich), followed by reducing the Snitrosothiols with ascorbate, after which the thiols generated by ascorbate reduction were labeled with a fluorescent derivative of methanethiosulfonate (MTSEA-Texas red; Toronto research Chemicals, North York, Ontario, Canada). Specifically, cells were first fixed in methanol at −20°C for 10 min. Thiol groups were then blocked with 200 mM MMTS (chosen for its rapid reaction kinetics) in 80 % methanol containing 100 mM Hepes (pH 7.7), 1 mM EDTA, and 0.2 mM neocuproine (named HEN_methanol), at 50°C for 30 min. The cells were then washed four times with HEN_methanol, after which they were incubated with 0.2 mM ascorbate and 0.2 mM MTSEATexas red in HEN_methanol at room temperature for 1 h. Excess dye was removed by washing the cells repeatedly with methanol.
The mitochondria were stained with 20 μM MitoTracker Green FM (Invitrogen , Carlsbad, CA, US) for 20 min then washed four times with Dulbecco's phosphate buffered saline (DPBS; Invitrogen). In another group of embryos, the endoplasmic reticulum was stained with fluorescent conjugates of concanavalin A (Con A; Invitrogen) for 50 min then washed four times with DPBS. Fluorescent images were taken with a Leica TCSNT confocal microscope. Eight fields magnified x400 were analyzed per embryo. Fluorescence intensity was quantified by subtracting background fluorescence, then integrating the image with the ImageJ software 1.46r. Subcellular colocalization analysis under the ImageJ software was performed with the plugin JACoP [3] .
The addition of antioxidants and analysis of blastocyst development
To counteract the apoptotic action of NO on the development of mouse embryos, the culture medium was further supplemented with the following antioxidants: First, Mn(III) tetrakis(4-benzoic acid)porphyrin chloride (TBAP; Cayman Chemical, Ann Arbor, MI, US) is a superoxide dismutase (SOD) mimetic agent and is able to dismute the superoxide radical (O 2 − ) [10] . Second, glutathione methyl ester (GSHM; Sigma-Aldrich) at 1 mM was applied to the culture medium to reduce the oxidative stress and to prevent the Snitrosylation action of NO on potential enzymes [1] .
The number of embryos developing to the expanded blastocyst stage (blastocyst formation rate) was assessed after 96 h of culture. In order to evaluate the afterward development potential of the blastocysts derived from the above culture conditions, the total cell numbers and apoptotic cell numbers were calculated after DAPI (Abbot, Des Plaines, IL, US) and TUNEL assay for nuclei and apoptotic DNA fragmentation, respectively. In addition, the amount of ATP for individual blastocysts was also measured.
Statistical analysis
Pearson's coefficients were chosen to demonstrate the results of subcellular colocalization analysis with the ImageJ software and the plugin JACoP [3] . The rate of blastocyst formation was tested for significance using the χ 2 -test or
Fisher's exact test determined by the condition. Intensity of S-nitrosylation staining and ATP amount of blastocyst were subjected to Student's t test or Mann-Whitney U test to evaluate the significance of the results compared to the control group. A confidence level of p<0.05 was considered to constitute the limit of statistical significance.
Results Figure 1 shows the development of preimplantation mouse zygotes postexposure to various concentrations of SNP and LNA during in vitro culture. We used these curves to identify protecting and damaging conditions. In the presence of a SNP concentration greater than or equal to 100 μM, blastocysts failed to form (Fig. 1a) . The addition of SNP to the culture medium inhibited blastocyst formation in a dosedependent manner. The addition of LNA to the culture medium also inhibited mouse embryo development in vitro. Most embryo development (83.3 %) was arrested at a 2-cell stage, with 16.7 % developing to a blastocyst in the presence of an LNA concentration of 25 μM (Fig. 1b) .
During the in vitro culture of mouse embryos, the addition of SNP induced embryo degeneration in a concentrationdependent manner (Fig. 1c) . However, LNA did not induce mouse embryo degeneration until 48 h after its addition. The addition of SNP to LNA-exposed embryos rescued a proportion of the embryos, which then developed into blastocysts (Fig. 1d) . We used 10 μM as the working SNP concentration for all experiments unless indicated otherwise.
At each stage, embryo degeneration was associated with apoptosis, as confirmed using the TUNEL assay (Fig. 2) . The addition of SNP to the culture medium led to apoptosis of preimplantation mouse embryos. However, LNA did not induce apoptosis until 48 h after its addition. According to the results from the TUNEL assay, approximately 78 % of the degenerated embryos were apoptotic.
To elucidate the effects of microenvironmental NO on preimplantation embryo'development and their possible underlying mechanisms, we investigated protein S-nitrosylation in 2-cell stage embryos. We evaluated S-nitrosylated protein localization using mitochondria and endoplasmic reticulum (ER) markers. Confocal microscopy examination revealed that the S-nitrosylated proteins occurred mainly in the cortical area of the cytoplasm in the control group and colocalized with mitochondria (Fig. 3a, b, c, d ; Pearson's coefficient 0.984). The addition of a NO donor increased cytoplasmic protein S-nitrosylation in peripheral and peri-nuclear areas, whereas the mitochondria remained mainly in the peripheral cortical area (Fig. 3e , f, g, h; Pearson's coefficient 0.742). We further identified that the S-nitrosylated proteins were more closely co-localized with the ER in the SNP-treated group (Fig. 3m , n, o, p; Pearson's coefficient 0.953) compared to the control group (Fig. 3i , j, k, l; Pearson's coefficient 0.798). In addition to shifting location of S-nitrosylated proteins from mitochondria dominant to ER dominant, another major difference between the two groups was the elevated intensity of S-nitrosylated proteins in the presence of a NO donor (Fig. 3f vs. b; and n vs. j).
We assigned the fluorescence intensity of S-nitrosylation in the control group as the reference level 1.0 (Fig. 4) . Addition of SNP to the culture medium increased Snitrosylation, whereas, the addition of LNA did not reduce the levels of S-nitrosylation (Fig. 4a, b) . Furthermore, embryos in the media supplemented with BrGMP and ODQ displayed nonsignificant changes in S-nitrosylation compared to the control (Fig. 4a) . The addition of ODQ together with SNP did not reduce the levels of S-nitrosylation compared to the SNP-supplemented group (Fig. 4a) . By contrast, the addition of LNA, GSHM, and TBAP to the culture medium counteracted the effect of SNP -induced Snitrosylation. However, the addition of TBAP alone or SNP+TBAP still resulted in a significant increase in Snitrosylation (Fig. 4b) .
We then evaluated the effects of antioxidants (100 μM TBAP and 1 mM GSHM) and the possible reversal of the detrimental effects of SNP on mouse zygote development (Fig. 5) . In each experiment, the rate of blastocyst formation in the control group was approximately 90 %. The addition of 10 μM SNP to the culture medium reduced the rate of blastocyst formation to approximately 20 %, and the addition Fig. 2 Identification of apoptosis (green) in degenerated mouse embryos exposed to aNO donor using TUNEL stain. Chromatin (nuclei) was stained using DAPI (blue). a and b Day1: 2-cell stage exposed to100 μM SNP; c and d Day3: morula stage exposed to 10 μM SNP; e and f Day4: blastocyst stage exposed to 10 μM SNP. The bar in f indicated 20 μm. The microscope used was a Leica TCS NT with a 40× objective and NA 0.55 of TBAP and GSHM reversed the adverse effects of SNP on embryo development (Fig. 5a) . However, the addition of TBAP alone reduced the rate of blastocyst formation compared to that of the control group (Fig. 5a ). We observed that GSHM did not exert any harmful effects on mouse embryo development based on the blastocyst formation rates (Fig. 5a) .
Each formed blastocyst contained a similar number of cells except those exposed to SNP, as indicated by DAPI stain (Fig. 5b) . We identified the presence of apoptotic cells in individual blastomeres using the TUNEL assay. Blastocysts from those zygotes treated with a NO donor had a higher percentage of apoptotic cells than those cultured with TBAP, GSHM, SNP+TBAP, or SNP+GSHM (Fig. 5c) . We further assayed the blastocyst ATP content to determine the effects of the NO donor on mitochondrial activity, observing that the ATP content was reduced significantly lower in blastocysts treated with SNP or TBAP, but not in blastocysts exposed to SNP+TBAP or SNP+GSHM. The addition of TBAP or GSHM not only reversed the blastocyst formation rates but also maintained ATP production activity of NO-exposed embryos (Fig. 5d ).
Discussion
Our results indicated that direct inhibition of NOS activity and NO production had detrimental effects on the development of embryos and confirmed the requirement for a NO signaling pathway during early embryo development. During the culturing process of our experiments, embryos exposed to LNA predominately arrested at the 2-cell stage but did not immediately induce embryo degeneration or apoptosis. This indicated that the 2-cell block phenomenon occurred post-addition of NOS inhibitors. Nevertheless, embryos developed continuously following the addition of the Fig. 3 Patterns of protein S-nitrosylation in 2-cell mouse embryos following NO donor (10 μM SNP) exposure were observed using confocal microscopy. a and e Mitochondria were stained with MitoTracker Green FM and the mitochondria of 2-cell mouse embryos were mostly located in the cortical area of the cytoplasm both in control and NO exposure group; i and m The endoplasmic reticulum (ER) was stained with Con-A; b, f, j and n S-nitrosylated proteins were stained using the biotin switch method and MTSEA-Texas red. f vs. b and n vs. j Protein S-nitrosylation increased post-NO exposure, and extended from the cortical area toward the nucleus. c and g S-nitrosylated proteins were more colocalized with mitochondria in the control group compared to SNP-treated group. k and o S-nitrosylated proteins closely colocalized with ER, prominently post-NO exposure. The bar in p indicates 20 μm. Images were captured using a Leica TCS NT microscope with a 40× objective and NA 0.55 NO donor to the culture medium. These observed results were consistent with those reported previously [27, 37] .
In the present study, we confirmed the occurrence of apoptosis at the presence of a NO donor in degenerated cleavagestage embryos and developed blastocysts using the TUNEL assay. These results are similar to a previous report that NO is a regulator of apoptosis during preimplantation development of mouse embryos [5] . One previous study also revealed the detrimental effects of elevating follicular NO on human embryo development (fragmentation) [22] . Taken together, a high microenvironmental level of NO would induce apoptosis during preimplantation development of mammalian embryos.
We further indentified that NO exerts its effects on preimplantation embryos through the S-nitrosylation of proteins. In this study, the NO donor SNP had direct effects on levels and location of S-nitrosylated proteins, which shifted from mitochondria-to ER-dominant proteins. Previous studies have suggested that NO might exert its effects on cells through a cGMP-dependent or cGMP-independent pathway [42] . Zhang and Hogg proposed that one of the major cGMPindependent pathways can be attributed to posttranslation protein modification (S-nitrosylation and/or nitrotyrosine) [42] . Our study is the first to demonstrate that protein Snitrosylation occurs in the absence of exogenous stimulation during in vitro culture (the control group) and is intimately colocalized with mitochondria in the cytoplasm of 2-cell stage embryos. Results on the distribution of mitochondria within 2-cell embryos were consistent with those reported previously [40] , which further indicated the reliability of our data. In the study by Nishikimi et al., NOS activities increased in the one-cell and 2-cell stages of mouse embryos [27] . Overall, our results suggested that the S-nitrosylation of mitochondrial proteins in 2-cell stage embryos might be a physiological signal related to mitochondrial activity.
The S-nitrosylation process involves specific and critical Cys residues of the target proteins and oxidative products of NO [42] . NO is reportedly a poor nitrosating agent and hardly reaches, by itself, the intracellular proteins to S-nitrosate them [43] . In the present study, the NO donor SNP increased protein S-nitrosylation in 2-cell stage embryos. Specifically, the Snitrosylated proteins closely colocalized with mitochondria and ER. The results might be attributed to the fact that both mitochondria and ER contain a high concentration of lipid membranes, which increase the rate of formation of oxidative products of NO, such as nitrogen dioxide [33] .
Our data clearly demonstrated that NO can induce Snitrosylation in lipid membrane-rich organelles in an intact cell system and might exert its effects through protein Snitrosylation within such organelles. Bustamante observed sequential NO production by mitochondria and the ER during apoptosis of rat thymocytes and recognized that NOS activity was associated with the ER membrane [4] . Our   Fig. 4 Assessment of the intensity of protein Snitrosylation in 2-cell mouse embryos using the biotin switch method. a The NO donor (SNP) significantly increased protein Snitrosylation, whereas the NOS inhibitor (LNA) did not significantly reduce Snitrosylation. The addition of the cGMP mimic BrGMP and the GC inhibitor ODQ had nonsignificant effects on S-nitrosylation. b Addition of LNA or GSHM to NO-exposed embryos reduced Snitrosylation significantly. However, TBAP supplementation alone or SNP+TBAP induced an increase in protein Snitrosylation. * p<0.05 and **p<0.01 compared to the control group according to Student's t-test. The vertical bars and bars of error represent the mean and standard error of at least 3 different experiments, respectively. Each group contained at least ten 2-cell embryos results further emphasized the role of NO in regulation of protein S-nitrosylation and indicated an association between S-nitrosylation of ER proteins and the pathological effect of exogenous NO.
In this study, the addition of TBAP to the culture medium increased S-nitrosylation levels, reduced blastocyst ATP content, and resulted in a minor reduction in the blastocyst formation rate. Janssen-Heininger et al. suggested that SOD (the TBAP mimic Mn-SOD) supplementation would decrease superoxide and peroxynitrite, prolong the local action of NO, and consequently, increase protein S-nitrosylation [19] . The increase of S-nitrosylated proteins by TBAP in this study was associated with decreasing mitochondrial activity instead of increasing apoptosis. The concentrations of S-nitrothiols (S-nitrosylated Cys residues) and H 2 O 2 are kept under tight control to ensure that NO-and H 2 O 2− induced signaling events occur in spatially and temporally controlled settings [19] . The moderate increase of S-nitrosylation by TBAP might lead to reduced mitochondrial activity and a decreased rate of blastocyst formation; however, the set of S-nitrosylated proteins under such condition did not lead to apoptosis.
In our experiments, TBAP supplementation reversed the detrimental effects of NO on early embryo development. One of the possible mechanisms underlying the effects of TBAP is the elimination of toxic peroxynitrite production by efficient reduction of excess superoxide. Protein S-nitrosylation levels were lower in embryos exposed to SNP plus TBAP than in those exposed to SNP alone. This indicated that TBAP supplementation reduced NO toxicity in an oxidative environment; however, the addition of TBAP alone might not benefit embryo development in a normal or reductive status. Nevertheless, the interaction between NO-and H 2 O 2 -signaling events during mammalian embryo development needs further investigation.
Zhang and Hogg suggested that glutathione provides the major protection against intracellular S-nitrosylation by excess NO and described that only after significant depletion of glutathione levels, the level of intracellular S-nitrothiols increased to concentrations higher than 10 nM/ mg cellular protein [42] . Our study results indicated that the reduced form of glutathione is able to reverse the toxic effects of the NO donor by preventing excess protein S-nitrosylation. The results indicated that glutathione might be the major antioxidant to balance the toxic effect of a high NO microenvironment, ex., ectopic endometrial tissues in patients with endometriosis.
The metabolism of SNP results in the liberation of NO and cyanide (CN). The latter may bind with cytochrome oxidase and thus interfere with oxidative phosphorylation [25] . The detoxification of CN needs the presence of thiosulfate by the rhodanese system in mitochondria. The reaction also involves the thiol group on Cysteine-247 of rhodanese [8] . The results of the present study may also result from the toxicity of CN. Further investigation with another type of NO source might be needed to prove the specificity of the NO effect. Nevertheless, the effect of TBAP and the amount of S-nitrosylation proteins related to SNP suggest the toxicity of SNP mainly depends on NO instead of CN in this type of experiment.
The concentration of SNP used in this study was selected to simulate an elevated NO microenvironment, such as peritoneal fluid or tubal secretion from patients with endometriosis. In a previous study, 10 % or 30 % peritoneal fluid from minimal to mild endometriosis patients decreased the cleavage rate of 2-cell mouse embryos [24] . In the previous report, the effect of 10 % and 30 % peritoneal fluid is similar to the effect of 0.1~10 μM and 1 mM SNP concentration, respectively [24] . Therefore, the concentration of 10 μM SNP used in the present study was able to reflect the microenvironment effect of NO in the patients with endometriosis.
In previous studies, excess oxidation and high levels of NO within endometrial tissue, follicular fluid, and peritoneal fluid were identified in patients with endometriosis [22, 24, 41] . Furthermore, studies of single nucleotide polymorphism s reveal that GSTT1 (glutathione-S-transferase) null deletion [36] and eNOS [20] are associated with moderate risk of endometriosis. In addition, endometriosis-related infertility is associated with glutathione peroxidase activity [29] . Taken together, the oviduct in patients with endometriosis might be a microenvironment featuring excess NO and insufficient glutathione. According to our study results, we recognized that such an environment would induce protein S-nitrosylation in mitochondria /ER and impair embryo growth. Further investigation focused on re-dox status of patients with endometriosis is indicated.
In conclusion, the apoptotic effects of excess NO on embryo development are closely related to protein S-nitrosylation within lipid-membrane rich organelles, such as the mitochondria and ER. These effects might not be dependent on NO/GC/cGMP signaling. Using an NOS inhibitor to eliminate NO production had deleterious effects on embryo development. The addition of a reduced form of glutathione to NOexposed embryos maintained their development, and ensured adequate proliferation of blastomeres, and blastocyst ATP production.
